Hybrid materials of ionic liquids (IL) confined in metal organic frameworks (MOF) are promising materials for energy storage. The effects of exposing or treating such composite materials with molecular solvents, e.g. with the aim to extract and replace the IL, have not been studied to date. In this study, acetone, isopropanol, methanol, and water were used to remove the IL 1-ethyl-3-methylimidazolium ethyl sulfate confined in a Cu-based metal organic framework (CuBTC). The consequences of the solvent extraction process were analyzed using vibrational spectroscopy (FTIR), powder X-ray diffraction (PXRD), N 2 adsorption, scanning electron microscopy (SEM), and transmission electron microscopy (TEM). Methanol was identified as the best solvent for IL removal as it shows high extraction efficiency without affecting the porous geometry and crystal structure of the MOF. On the other hand, acetone and isopropanol were not able to completely remove the IL from CuBTC under the conditions employed. Water effectively removed the IL, but it has a significant detrimental effect on the CuBTC structure.
INTRODUCTION
Ionic liquids (ILs) have attracted significant attention because of their potential applications in areas as diverse as carbon capture, diesel fuel desulfurization and biomass processing. [1] [2] [3] ILs have a melting point below 100°C and are composed of cations and anions. 4 The unique 3 properties such as low vapor pressure, flame retardancy, good thermal and chemical stability, and a wide liquid range make ILs an attractive alternative to conventional volatile organic compounds (VOCs). Moreover, ILs exhibit high ionic conductivity and wide electrochemical windows and consequently are promising electrolytes for a wide variety of electrochemical devices, such as rechargeable batteries, supercapacitors, dye-sensitized solar cells, and thermoelectric cells. 5 Metal organic frameworks [6] [7] [8] [9] [10] [11] [12] [13] [14] (MOFs) are a rather new member of the family of porous materials. MOF materials combine metal-based nodes with organic linkers to build hybrid porous crystalline networks with high surface area and large pore volume. The pore size, geometry, crystal structure,shape, and functionality of the pore space can be tailored by selecting and combining suitable metal ions (Cu 2+ , Ni 2+ , Al 3+ , Cr 3+ etc.) and organic linkers (tricarboxylate, di-pyridyl, tri-isophthalate, etc.).These tunable properties make MOFs promising materials for gas storage, 8 separations, 15 catalysis, 16 carbon capture and storage (CCS), 17 biomedicine, 18 and chemical sensors. 19 Confining ILs in MOFs brings these fascinating classes of material together. However, the resulting hybrid materials represent an almost unexplored area. To date, most investigations havefocused on ILs in inorganic porous matrices 20 such as SiO 2 , 21 TiO 2 , 20 and SnO 2 22 as well as organic porous matrices such as carbon nanotubes, 23 graphene, 24 and porous carbon. 25 The hybrid material is known as an ionogel, 20 in which the IL is kept inside the porous skeleton. The IL is found to preserve its liquid like dynamics 26 in ionogels and therefore it has a high ionic conductivity. This aspect has attracted much attention due to possible applications of ionogels in electrochemical devices. In other applications, the IL was used as a templating agent to modify the pore parameters and geometry of the porous material. In this case, the IL is removed again 4 from the ionogel. Singh et al. [27] [28] [29] [30] have synthesized a variety of micro to mesoporous materials via impregnation and subsequent removal of ILs from porous materials. In order to extract the IL, solvents such as water, acetone, and dichloromethane were used. Acetonitrile and acetone/ethanol mixtures were also used for this purpose. [31] [32] [33] Interestingly, various types of porous matrices such as silica and titanium were found to be stable in the presence of these solvents and hence these solvents along with a complex (functionalization agent) were used for functionalization of porous matrices like silica. One of the most extensively studied MOFs is Cu 3 (BTC) 2 . It is commonly known as Basolite TM C300, HKUST-1, CuBTC, or MOF-199. CuBTC has a face centered cubic crystalline porous framework structure. It consists of three different sizes of pores. The first type of pore has a diameter of ~ 9-13.5 Å 34, 35 with an accessible open copper site. These pores are centered on face and corners of the unit cell. The second type of pores has a diameter of ~ 9-11 Å 34-36 with inaccessible Cu sites and centered at the unit cell center and midpoint of the unit cell edges.
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These two larger pores are arranged in an alternating manner and connected by 9 Å windows.
The third and last type of pores have a diameter of ~ 5-7 Å. [34] [35] [36] [37] The present paper reports a systematic study of confined molecular solvents in a MOF. The solvents of interest are acetone, isopropanol, methanol, and the IL 1-ethyl-3-methylimidazolium ethyl sulfate (EMIM-ETS). The three volatile organic solvents were selected because they are very common and, despite being rather small, they contain different functional groups and have systematically varied chemical structures. The IL was chosen as it has been characterized as a neat substance [38] [39] [40] as well as in combination with CuBTC 41 and molecular solvents. 42 In the second part of the study, the effects of extracting the IL from the MOF using the above organic solvents and water are investigated. In order to gain scientific insights and a comprehensive picture including molecular, crystallographic and macroscopic effects, infrared spectroscopy, powder x-ray diffraction, N 2 adsorption, scanning electron microscopy (SEM), and transmission electron microscopy (TEM) were employed.
EXPERIMENTAL Chemicals
Basolite TM C300 and methanol (purity 99.9%) were purchased from Sigma-Aldrich. Extra dry acetone (purity 99.8%) and isopropanol (purity 99.8%) were purchased from AcroSeal R . Halidefree 1-Ethyl-3-methylimidazolium ethyl sulfate was purchased from Alfa Aesar (purity 99%).
Water content by Karl Fischer titration is less than 1500 ppm. The MOF and the IL are water sensitive and hence, care was taken during handling of the materials to minimize contact with the atmospheric humidity.
Confinement of IL and solvents in CuBTC
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IL impregnated CuBTC samples were prepared by mixing CuBTC with the IL at a molar fraction of X MOF = 20 mole%. This relationship provides a ratio of available pore volume of CuBTC and volume occupied by IL molecules of approximately two. Subsequently, the sample was heated at 60 °C for 24 h to obtain a homogeneous distribution of IL within the pores of the CuBTC.
Solvent confined CuBTC samples were prepared by mixing a small amount of CuBTC with a droplet of solvent.
Washing of bulk and IL confined CuBTC with solvents and water
The pristine (as received) CuBTC samples were emerged in 10 ml of acetone, isopropanol, methanol, and water for 5 h. Then they were filtered and dried at 70 and 150 °C for 24 h at each temperature. A similar procedure was used for the removal of the IL from the IL impregnated CuBTC samples using the solvents. The IL impregnated CuBTC samples were washed twice with water to insure the removal of IL from the pores and the surface of CuBTC. Subsequently, the samples were filtered and dried at 70 ºC for 24 h.
Characterization
Vibrational spectroscopy. FTIR spectra were recorded in the range 4000 to 400 cm -1 using a
Bruker Vertex 70 and on a Perkin-Elmer Spectrum 2 instrument with the nominal resolution of 0.5 and 4 cm -1 , respectively on an attenuated total reflection (ATR) module. The Bruker instrument was equipped with a diamond ATR unit (1 reflection at 45°). To obtain a suitable signal to noise ratio, 16 scans were averaged. All spectra were background corrected.
Electron microscopy. Scanning electron micrographs of the samples were obtained using a Hitachi S-520 scanning electron microscope (SEM) operated at 20kV. Transmission electron micrographs of the samples were obtained using a JEOL JEM-2000EX transmission electron Brunauer-Emmett-Teller (BET) plot. The total pore volume was determined using the t-plot method. The accuracy and reproducibility of the instrument was ±5 %.
X-ray diffraction. Structural changes were monitored by X-ray powder diffraction using a Panalytical X'Pert Pro diffractometer fitted with a PIXcel1D detector using Cu-Kα radiation (1.54 Å) operated at 45 kV and 40 mA and using a silicon zero-background sample holder. The measurements were performed with powders in an air-conditioned room (20 ºC, no control of humidity) in continuous scanning mode from 5-50° 2θ with a step size 0.013º and ≈2 min acquisition time.
RESULTS AND DISCUSSION
Confinement of IL
Fig . 1A shows the FTIR spectra of the pure IL (a), the pure CuBTC (c), and the IL/MOF system (b). The spectra reveal evidence for strong molecular interactions between the IL and the MOF, which manifest as changes in frequencies of vibrational modes of the IL and the MOF. A detailed spectroscopic and computational analysis of EMIM-ETS confined in CuBTC has been reported recently. 41 Data confirm a perturbation of the symmetry of the MOF structure due to the interactions between the IL anion with the Cu ions. Moreover, inside the MOF, two different types of IL ion pairs are formed: One ion-pair structure exhibits enhanced interionic interactions by strengthening the hydrogen bonding between the cation and anion, whereas the other structure PXRD patterns of (a) IL confined in CuBTC, and (b) pristine CuBTC. 34 Therefore, a lower number of water molecules is available for the coordination of the Cu atoms and hence the appearance of a peak at 11.1° 2θ.
Confinement of acetone, methanol and isopropanol
The analysis of the nature of organic solvents confined in the MOF has basically two aims:
firstly, to gain insight into the molecular interactions between CuBTC and the three common organic solvents and, secondly, to investigate the stability of the MOF when exposed to the solvents. For the FTIR measurements, a small amount of MOF was placed on the diamond crystal of the ATR unit and then a drop of the solvent was added, similar to the recently proposed solvent infrared spectroscopy method. 44 As the solvents considered are highly volatile, it was difficult to state the exact molecular ratio. However, an excess of solvent can be assumed. Figure 2 shows the fingerprint region of the FTIR spectra of the pure solvents and the MOF/solvent samples. For completeness, the full spectral range is provided in Fig 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 vibration as a result of the interaction between isopropanol and the carboxylate groups of CuBTC.
Methanol. The spectra show that all the infrared bands related to CuBTC and methanol are found at the same frequencies (Fig. 2e) as in the spectra of the individual components. Hence, the confinement of methanol in CuBTC has no impact on the chemical nature of either compound.
Additionally, no evidence of transformation of the carboxylate groups to their analogous protonated acid is observed. This shows that methanol, unlike the acetone, does not promote hydrolysis of CuBTC.
Comparison. A comparison of the results described above shows that the interactions between isopropanol with CuBTC are significantly less pronounced than those between acetone and
CuBTC. In the methanol/CuBTC system no changes to the vibrational spectrum were found.
Therefore, it can be concluded that methanol has the least impact on the structure of CuBTC.
Hence, it is well suited as a solvent for post synthetic modifications of CuBTC, e.g. in the impregnation or removal of other substances such as an IL.
Stability of CuBTC in acetone, isopropanol, and methanol
The stability of CuBTC in the presence of water has been studied many times and it was shown that hydrolysis reactions can lead to destruction of the MOF structure 43, 46, 47 . Therefore, water is generally unsuitable, for example, as an extraction medium to remove confined molecules from the porous matrix of the MOF. The suitability of acetone, isopropanol, and methanol for this purpose was evaluated by investigating the stability of the MOF in the presence of the individual solvents. In the first step, the stability of CuBTC was studied by immersing the MOF in acetone, Page 12 of 37
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Removal of confined IL from CuBTC using organic solvents
The three organic solvents as well as water were tested for their efficiency in the extraction of the IL EMIM-ETS from CuBTC. Water has been employed in similar applications frequently 28, 29, 48 and is therefore used as a reference case here. The impact of water on the structural stability of CuBTC was analyzed in a previous study. 43 It was found that the Cu-based MOF was structurally stable in the presence of small amounts of water during short-term exposure. However, exposure of CuBTC to liquid water or ambient moisture for longer periods of time resulted in irreversible changes due to hydrolysis reactions. The removal or washing of IL from impregnated CuBTC with water will be discussed in more detail in the next section.
The consequences of removal of the IL from the pores of CuBTC was investigated by FTIR spectroscopy with Fig. 6 showing spectra after the washing procedure employing different solvents. For the washing, an IL impregnated CuBTC sample (20 mole % CuBTC with IL) was emerged in 10 ml of methanol, acetone, or isopropanol for 5 h and then filtered and dried at 70
°C for 24 h. The CH stretching region from 3200 to 2700 cm -1 (inset in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 19 there are some minor changes in the intensity of some reflections which could be related to the degree of hydration. 50 The sample after IL extraction with methanol was further investigated by SEM (Fig. 7 ) in order to determine if any changes in the morphology and the external surface of the CuBTC crystals had taken place. Sharp well-defined edges and smooth outer surfaces of the crystals exhibiting octahedral shape are observed and the overall appearance is very similar to the surface morphology of pristine CuBTC crystals (Fig. 4a) .
Overall, experiments conducted with the IL impregnated CuBTC after washing with methanol, acetone, and isopropanol suggest that methanol is best suited for extracting the IL from the MOF. It does not affect the crystalline structure, interacting sites, and surface morphology of CuBTC suggesting that it does not promote hydrolysis reactions. The greater efficiency of methanol to remove the IL compared to acetone and isopropanol is attributed to its higher dielectric constant. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20
Stability ofIL impregnated and pristine CuBTC under molecular water
Structural analysis. Removal of the IL from the impregnated CuBTC was also attempted with water. The FTIR spectrum of the IL impregnated CuBTC sample after washing with water is shown in Fig. 8 . On the one hand, it can be noted that no features characteristic of the IL can be found in the spectrum after the washing procedure, indicating that water removes the IL effectively. On the other hand, comparison with the spectrum of pristine CuBTC shows appearance of many new bands particularly free carboxylic acid, C-C stretching related to BTC ring and Cu-O stretching, suggesting the transformation or complete disruption of the CuBTC structure. Similar changes in the FTIR spectrum were not found when CuBTC was exposed to water for a short time periods.
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The FTIR spectrum of the resulting material was investigated to gain some molecular level insights. The vibrational frequencies of the pure IL, 40 the pure CuBTC, 41 the IL extracted CuBTC, and the washed CuBTC are summarized in Table 1 together with tentative assignments.
Additional bands appear at similar wavenumbers for the IL extracted sample as for the washed sample, which had not been exposed to the IL. This suggests a similar product material after the exposure to water irrespective of the CuBTC history. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   21 of CuBTC in water leads to formation of a new material with a different molecular structure compared to pristine CuBTC. In order to gain information about the structural changes in the sample, PXRD measurements were performed. The data (Fig. 9) clearly show that the crystalline structure of the MOF is severely changed when the IL is removed by water. Note that the PXRD patterns of the pristine CuBTC washed with water and the IL extracted CuBTC look very similar. This means that the disruption of the crystal structure of CuBTC is due to the impact of water and that the IL does not play a role. However, there are some differences in the PXRD patterns. These differences can be attributed to the amount of water and the number of washing cycles. It is also noteworthy that Page 21 of 37
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 22 the washing and drying conditions have a certain impact on the resulting structure of the material (Fig. S4) . The disappearance of many reflections indicates permanent changes in the phases of the washed CuBTC at elevated temperature. Generally, these alterations to the pattern can be attributed to a complete degradation of CuBTC. However, the role of water in degrading the structure of CuBTC through hydrolysis is complex and depends on various factors such as the duration of exposure and the amount of water involved. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 23 treatment, that sample was exposed to a large amount of water. Consequently, a clustering of water molecules around the Cu atoms may enhance the hydrolysis reaction. This leads to a fast hydrolysis reaction during which the metal ligand bonds break and unknown compounds form. washed CuBTC does not exist as a single phase. Moreover, the water treated sample contains mixed phases of pristine CuBTC, trimesic acid (BTC) with and without water etc. Therefore, it is very difficult to propose or hypothesized the molecular level mechanism for disruption of crystal structure of CuBTC in water. Unfortunately, all attempts to further resolve the structural modifications from the PXRD pattern of the treated samples were unsuccessful due to the significant levels of change that had occurred. This could be due to the presence of unknown phases in the powder samples or because of the presence of an entirely different crystal structure.
A more comprehensive crystallographic analysis is necessary to answer these open questions, but this is beyond the scope of the present work.
Material properties. The porous nature of the CuBTC after IL extraction was further investigated by N 2 adsorption measurements. After washing with water, the resulting microcrystalline material shows non-porous behavior (Fig. S5 in the supplementary material) and a substantially reduced surface area (less than 7 m 2 /g) compared to pristine CuBTC. The BET surface area of pristine CuBTC after exposure to water for 5 h exhibits a similar surface area (19 and 11m 2 /g degassed at 70 and 150 °C, respectively).
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Electron microscopy (SEM and TEM) was performed on the samples to ascertain further information about the surface morphology, the shape and the size of the washed CuBTC crystals.
The external surfaces and morphologies of washed CuBTC and IL extracted CuBTC crystals are very similar (Fig.10a, b) . (Fig. 9 ).
The presence of more than one unknown phase and crystal structure confirms the above assessment as to why the crystal structure of the water degraded CuBTC could be not unambiguously identified. So far, it is only clear that the IL impregnated or pristine CuBTC crystal structure collapses and is transformed into an unknown crystalline structure after washing with water.
The general conclusions obtained in this study in terms of solvent extraction and structural responses have wider applicability beyond the Cu 3 (BTC) 2 and 1-ethyl-3-methylimidazolium ethyl sulfate employed here. However, solvent compatibility for example may be highly specific to the MOF/IL pair selected and thus a full analogous series of experiments to those conducted here would be required before drawing conclusions. For 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 instance, the extent of recovery of [NTf2]-based ionic liquids using water would be limited due to the low solubility in this solvent. 
Conclusions
The removal of an imidazolium based IL from the pores of CuBTC MOF was investigated using FTIR, PXRD, N 2 -adsorption, and electron microscopy. Acetone, isopropanol, methanol, and water were employed as extraction media. Acetone and isopropanol were unable to completely remove the confined IL, whereas water shows good capability, but it a substantially negative impact on porous and crystal structure of the MOF. Methanol was identified as the most suitable solvent to remove the confined IL from CuBTC. It effectively removed the IL without affecting the MOF structure.
In addition, the confinement of acetone, isopropanol, and methanol in CuBTC was studied in order to distinguish between the effects of the treatments by solvent alone and its combination with the IL. The data revealed weak interactions between the carboxylate groups of CuBTC with acetone and isopropanol through hydrogen bonding. However, no such interactions were found in case of methanol and CuBTC. CuBTC is stable in all the organic solvents tested, but acetone promoted the hydrolysis in the slightly hydrated MOF sample. On the other hand, exposing the MOF to water, leads to structural changes. This instability of CuBTC in water is related to the Page 28 of 37
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This study provided valuable information about the impact of four common solvents and an imidazolium-based IL on the intrinsic chemical and structural characteristics of CuBTC MOF.
The objective was to identify suitable media for post synthetic modification of MOFs.
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